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T he essential role of growth factors in inductive cell fate determination and in tissue remodeling is reflected in neoplastic processes. One example is the ErbB family of growth factor receptors and their ligands, all containing an epidermal growth factor (EGF) motif (reviewed in ref. 1) . Several types of human tumors, including glioblastomas and carcinomas, display increased expression of the EGF receptor (EGFR; also called ErbB-1). The mitogenic ability and transforming potential of EGFR are enhanced by heterodimerization with other ErbBs. Another oncogenic partner of EGFR is the cytoplasmic tyrosine kinase c-Src and its family members (reviewed in refs. 2 and 3). Elevated levels of Src family kinases, and mutational activation were observed in colon carcinoma (4) , and similar findings were reported for lung, breast, and brain tumors. Evidence derived from experimental models indicates that Src activation potentiates EGF-induced mitogenesis (5, 6) . Likewise, cooverexpression of c-Src and EGFR characterizes human breast cancers, and it leads to a synergistic increase in tumor formation in mice (7) .
The mechanisms underlying Src-EGFR collaboration are incompletely understood, although it is clear that the two kinases maintain bi-directional interactions: stimulation of EGFR increases the catalytic activity of c-Src (8) , and c-Src phosphorylates EGFR at sites that stimulate the intrinsic catalytic activity of EGFR (7) . On the other hand, another set of reports attributed to c-Src restraining effects on EGFR. Accordingly, overexpression of c-Src accelerates clathrin-mediated internalization of EGFR (9) , probably because clathrin is tyrosinephosphorylated by c-Src (10) . The present study addresses the mechanism of Src-EGFR collaboration and identifies c-Cbl, a regulator of EGFR endocytosis (reviewed in ref. 11) , as a target of c-Src: activation of Src leads to phosphorylation and polyubiquitylation of c-Cbl, and subsequent degradation of c-Cbl enables EGFR to escape desensitization.
Materials and Methods
Materials, Buffers, and Antibodies. mAbs to EGFR were generated in our laboratory. Other antibodies were obtained from Santa Cruz Biotechnology. SYF cells were obtained from the American Type Culture Collection. The composition of buffers has been described (12, 13) . EGF was labeled with 125 I by using the Iodogen reagent (Pierce).
Plasmid Construction, Transfection, and Preparation of Cell Extracts.
EGFR mutants, hemagglutinin (HA)-tagged Cbl mutants, and a GFP-Cbl construct have been described (12, 13 ). An HA-Ub expression vector was obtained from Dirk Bohmann (European Molecular Biology Laboratory, Heidelberg). Src expression vectors and the control pUSE vector were purchased from Upstate Biotechnology (Lake Placid, NY). Cells were transfected by using the Lipofectamine 2000 method. Unless otherwise indicated, we used the following amounts of plasmid DNA for transfection of cells in 90-mm plates: EGFR and HA-tagged ubiquitin, 1 g per plate; c-Src and c-Cbl, 2 g per plate. The total amount of plasmid DNA in each transfection was normalized with the respective empty plasmid.
Immunoprecipitation and Immunoblotting Analyses. Essentially, we used described protocols (12) . Immunoprecipitates were resolved by gel electrophoresis and transferred to a nitrocellulose membrane. Membranes were blocked in PBS containing 0.5% Tween 20 and 1% milk, blotted for 2 h with a primary antibody (1 g͞ml), followed by a secondary antibody (0.5 g͞ml) linked to horseradish peroxidase. Immunoreactive protein bands were detected with an enhanced chemiluminescence reagent (Amersham Pharmacia).
Receptor Down-Regulation Assay. Cells were treated without or with EGF for various time intervals at 37°C. The medium was then removed, and the cells were washed once with binding buffer and twice with an acidic buffer (135 mM NaCl͞2.5 mM KCl͞50 mM acetic acid) to remove surface-bound ligand. The cells then were washed twice in ice-cold binding buffer and incubated with [ 125 I]EGF (0.5 nM) for 4 h at 4°C. Thereafter, cells were washed twice and solubilized, and their radioactivity was determined.
Pulse-Chase Analysis of Protein Turnover. Cells were pulse-labeled at 37°C by incubation with [ 35 S]methionine [250 Ci͞ml (1 Ci ϭ 37 GBq)] in methionine-free medium supplemented with 2% (vol͞vol) dialyzed FBS. Thereafter, cells were washed, cultured in chase medium containing unlabeled methionine, and extracted for immunoprecipitation.
Northern Blot Analysis. Total RNA extracted by using the RNeasy kit from Qiagen (Hilden, Germany) was fractionated on a 1.2% agarose gel containing 1.1 M formaldehyde and blotted onto a membrane. The membrane was prehybridized for 4 h at 65°C in a 1% (vol͞vol) SDS solution containing 10% dextran sulfate, Abbreviations: EGF, epidermal growth factor; EGFR, EGF receptor; HA, hemagglutinin.
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5.8% NaCl, and 100 g͞ml salmon sperm DNA. cDNA probes were labeled with [ 32 P]dCTP.
Immunofluorescence. Cells were fixed for 30 min with 3% (wt͞vol) paraformaldehyde and permeabilized for 10 min at 22°C in saline containing 1% albumin and 0.2% Triton X-100. Cover slips were then incubated for 1 h at room temperature with antibodies directed to HA or to c-Src (each at 10 g͞ml). Antibody detection was performed by using fluorescently labeled secondary antibodies (from Jackson ImmunoResearch). Finally, cover slips were mounted in Elvanol (Hoechst, Frankfurt) and examined by using a Zeiss Axiovert confocal microscope.
Results
Src Up-Regulates EGFR Expression by Inhibiting Cbl-Induced Receptor Ubiquitylation and Endocytosis. To examine the possibility that c-Src collaborates with EGFR by modulating receptor desensitization, we coexpressed in receptor-negative Chinese hamster ovary cells the human EGFR together with one of the following forms of human c-Src: wild type, an active mutant (Y529F), or a kinase-dead mutant (K297R). Forty-eight hours after transfection, cells were stimulated with EGF for 15 min, and EGFR levels were determined (Fig. 1A) . The results showed that EGFR levels were significantly increased (70-110%) in cells overexpressing either wild-type c-Src or an active mutant, but cells expressing a kinase-defective mutant of c-Src displayed reduced expression relative to cells transfected with an empty vector. Quantification of the results revealed that, despite Src-induced up-regulation of EGFR, EGF was still able to reduce, in part, the level of its receptor.
To analyze the interaction between c-Src and EGFR in a null cellular background, we used mouse embryo fibroblasts, denoted SYF cells (14) , lacking the three ubiquitous Src-family kinases: Src, Yes, and Fyn. Consistent with the effects observed in Chinese hamster ovary (CHO) cells, overexpression of wild-type c-Src or an active mutant (Y529F) significantly diminished ligand-induced ubiquitylation of EGFR (Fig. 1B) , a process mediated by c-Cbl (13, 15, 16) . In addition, as we previously reported for CHO cells (12) , ectopic expression of c-Cbl accelerated removal of EGFR from the surface of SYF cells (Fig. 1C ), but this effect was inhibited by a coexpressed Y529F-Src. Next, we analyzed the effect of c-Src by using pulse-chase metabolic labeling of SYF cells ( Fig. 2A) . Evidently, an active form of c-Src exerted no significant effect on receptor synthesis or maturation. In this assay system, newly synthesized receptor molecules almost completely disappeared after stimulation with EGF, but c-Src prevented receptor down-regulation while allowing band upshift due to hyperphosphorylation. Last, to exclude the possibility that Src down-regulates EGFR or c-Cbl by affecting transcription of the respective ectopically introduced gene, we analyzed mRNA isolated from transfected SYF cells. As shown in Fig. 2B , overexpression of Y529F-Src exerted no effect on EGFR or c-Cbl transcripts, implying that c-Src stabilizes the mature, cell surface-expressed receptor. Taken together, the results presented led us to conjecture that one of the multiple substrates of c-Src is involved in EGFR endocytosis.
c-Src Inhibits Physical Interactions Between c-Cbl and EGFR by Reduc-
ing Expression Levels of c-Cbl. To ubiquitylate EGFR, c-Cbl must associate physically with the receptor and subsequently undergo phosphorylation (15, 17) . By using SYF cells, we confirmed EGF-induced physical associations between EGFR and c-Cbl. However, we found that this interaction was abolished upon expression of an active c-Src (Fig. 2C ). In addition, we observed both EGF-and Src-induced phosphorylation of c-Cbl in SYF cells (Fig. 2D) , which is in line with reports that identified c-Cbl as a major tyrosine phosphorylation substrate of Src family kinases (18) . It is important, however, to note that the levels of c-Cbl were down-regulated upon coexpression of Y527F-Src (Fig. 2 C and D) . Because no parallel change in tubulin expression was detectable, we inferred specificity to c-Cbl. Indeed, when expression of an active mutant of c-Src was gradually increased, we observed a parallel decrease in c-Cbl (data not shown), in line with negative regulation of c-Cbl by c-Src. Taken together, the results presented in Fig. 2 implied that c-Src up-regulates EGFR by reducing c-Cbl expression and inhibiting formation of a Cbl-EGFR complex.
Down-Regulation of c-Cbl Involves the Catalytic Activity of c-Src and
Colocalization to Vesicular Structures. Next, we compared the effect of Y529F-Src with that of a kinase-defective c-Src (K297R; Fig.  3A) . Evidently, the kinase activity of c-Src is essential for down-regulation of c-Cbl expression. Previous reports have localized both c-Cbl and c-Src to cytoplasmic vesicular structures (12, 19) , but colocalization has not been reported. In the absence of an active c-Src, c-Cbl displayed diffuse cytoplasmic distribution (Fig. 3B) . However, c-Cbl translocated to Src-containing vesicular structures when coexpressed with an active mutant of c-Src (note the merge panel i in Fig. 3B ). This translocation is reminiscent of the recruitment of c-Cbl to early endosomes containing another active kinase, namely EGFR (12), suggesting that c-Src similarly recruits c-Cbl into vesicular structures before protein destabilization.
Phosphorylation and Ubiquitylation of c-Cbl Precede the Destructive
Effect of c-Src. To study the structural requirements of c-Srcinduced destabilization, we examined a series of mutant c-Cbl proteins. In the G306E-Cbl mutant, a critical glycine residue of the phosphotyrosine-binding (PTB) domain is substituted (20) . This mutant retained susceptibility to c-Src (Fig. 4A) , indicating that the PTB domain is not involved. 70Z-Cbl is an oncogenic mutant whose RING finger cannot bind E2 enzymes (16) . We found that 70Z-Cbl underwent down-regulation by c-Src (Fig.  4A ) and completely disappeared from SYF cells expressing very high levels of Y529F-Src (data not shown), suggesting that the intrinsic ubiquitin ligase activity of c-Cbl is unnecessary for the effect of c-Src. This conclusion was further supported by testing Y371F-Cbl, whose critical tyrosine involved in receptor desensitization (15) was mutated (Fig. 4A) . Phosphorylation by c-Src affects three major sites of c-Cbl, and the corresponding 3YF mutant (mutated Tyr-700, -731, and -774) displays a reduction in c-Src binding (21) . Unlike other mutants of c-Cbl, expression of 3YF-Cbl was not affected by an active c-Src (Fig. 4B) . Likewise, v-Cbl, an oncoprotein lacking the whole carboxyl-terminal half of c-Cbl, displayed resistance to c-Src (data not shown). In conclusion, phosphorylation by, or stable binding to, c-Src is essential for accelerated turnover of c-Cbl, but neither phosphotyrosine binding to c-Cbl nor ubiquitin ligase activity are necessary.
Because polyubiquitylation sorts proteins for proteasomal destruction, we predicted that c-Src-induced degradation is preceded by polyubiquitylation of c-Cbl. In line with a previous report (22) , we found that EGF enhances polyubiquitylation of both EGFR and c-Cbl (Fig. 4C) . Neither modification was detectable when testing 70Z-Cbl, indicating that the RING finger of c-Cbl mediates both self-and transubiquitylation. In analogy, expression of an active c-Src elevated polyubiquitylation of c-Cbl in the absence of EGF, but no increased modification of 70Z-Cbl was detectable (Fig. 4C ). These observations imply that c-Src, like EGFR, activates the intrinsic ubiquitylating function of c-Cbl, consistent with a recent in vitro study (17) . Taken together, the results presented in Fig. 4 envisage the following scenario: c-Src phosphorylates the carboxyl terminus of c-Cbl and, consequently, c-Cbl undergoes polyubiquitylation and degradation. However, because a ubiquitylation-defective mutant of c-Cbl (namely 70Z-Cbl) retains susceptibility to the destructive action of c-Src, we predict that c-Src recruits not only c-Cbl but also an alternative degradation machinery. This hypothesis and its relevance to oncogene cooperation in human cancer are discussed below.
Discussion
Our results may be summarized as follows: c-Src up-regulates EGFR (Fig. 1 A) by inhibiting receptor ubiquitylation (Fig. 1B) and endocytosis (Fig. 1C) , and both effects are attributable to accelerated destruction of c-Cbl (Figs. 2 and 3A) . One interpretation of these observations is presented in Fig. 5 . Normally, activation of EGFR is followed by recruitment of c-Cbl, primarily through a single phosphotyrosine of EGFR, and subsequent -i) . After 24 h, cells were fixed, permeabilized, and incubated with murine antibodies to c-Src and a rat antibody to HA. FITC-conjugated antibody specific to mouse immunoglobulins (green) and Cy3-conjugated antibodies to rat immunoglobulins (red) were used for fluorescent confocal microscopy. sorting for endocytosis and lysosomal degradation (23) . This robust desensitization process is inhibited when c-Src is activated or overexpressed: Src binds to and phosphorylates c-Cbl (21, 24, 25) . In addition, it enhances self-ubiquitylation of c-Cbl (Fig. 4C and ref. 17 ) and leads to accelerated destruction by proteasomal proteinases ( Fig. 2 and unpublished observations, demonstrating that Src-induced destruction of c-Cbl is sensitive to proteasome inhibitors). Therefore, the efficacy of receptor down-regulation is reduced, and signaling by mitogens like EGF is enhanced in cells whose Src is active (e.g., adherent cells or Srctransformants). Src family members are commonly activated by growth factors like EGF, and this activation involves formation of a physical receptor-Src complex (7) . Within the complex, Src phosphorylates the associated receptor at a site located in the kinase domain (26) , a modification known to enhance catalytic activity of growth factor receptors. In line with the possibility that these interactions enable synergy between c-Src and various receptors (4, 27) , mutational inactivation of the c-Src-specific phosphorylation site on EGFR ablated EGF-induced mitogenicity (5) . Thus, by blocking receptor degradation (Fig. 5) , Src-receptor complexes gain lasting activity, which may explain why several types of advanced tumors exhibit simultaneous activation of both EGFR and Src family members. Given the role of c-Cbl in enhancing receptor internalization (reviewed in refs. 11 and 28), our results predict an inhibitory effect of c-Src on receptor endocytosis. However, studies performed with 10T1͞2 cells detected no effect of c-Src on the half-life of EGFR, but accelerated internalization was observed when the endocytic apparatus was under-saturated (9) . Interestingly, this effect disappeared at high receptor occupancy, which is closer to the conditions we used in the present study. Another study concluded that activation of c-Src by EGFR is needed for subsequent phosphorylation of clathrin, which then redistributes to the cell periphery and enhances receptor internalization (10) . Notably, those authors reported that the effect of Src is limited to the first two min of ligand internalization, a time window we have not addressed in the present study.
A series of recent reports unveiled complex interactions between c-Src and c-Cbl (reviewed in ref. 29) . Two lines of evidence indicate that the interactions involve physical contacts: c-Cbl and c-Src colocalized to vesicular structures (Fig. 3B) , and at least three regions of c-Cbl bind to different domains of c-Src, including phosphorylated Tyr-418 (30) . This interaction underlies short-term catalytic inactivation of c-Src, but long-term inactivation involves degradation of active Src family kinases by c-Cbl (31) . In analogy, our results depict a reciprocal pattern in which c-Src negatively regulates c-Cbl. Nevertheless, the exact mechanism by which c-Src sorts c-Cbl for degradation is still unclear: c-Src increases ubiquitylation of c-Cbl both in vitro (17) and in living cells (Fig. 4C) . Moreover, ubiquitylation of c-Cbl is likely mediated by its own RING finger, and it may require prior phosphorylation of a proximal tyrosine residue (Tyr-371) by either c-Src or EGFR (15, 17) . However, unlike Src-induced ubiquitylation of c-Cbl, which requires an intact RING finger and a tyrosine at position 371, c-Cbl mutants defective at Tyr-371 or at the RING domain retain sensitivity to active Src proteins (Fig. 4A) . It is conceivable, therefore, that c-Src sorts c-Cbl to proteasomal destruction by mobilizing both the ubiquitin ligase function of c-Cbl and a mechanism independent of the RING finger.
Src-transformed cells exhibit a variety of phenotypic characteristics, which may reflect the multiple phosphorylation targets of Src family kinases. These targets are involved in the regulation of cell cycle entry, actin cytoskeleton, and adhesive properties (2) . Likewise, the pleiotropic cellular responses to growth factors like EGF resemble many characteristics of the Src-induced phenotype. Our present study explains this similarity by the ability of c-Src to block a major pathway leading to desensitization of growth factor signaling. Evidently, Src executes this function by enhancing destruction of c-Cbl, an evolutionary conserved regulator of receptor endocytosis. Interestingly, c-Src accelerates destruction of another negative regulator, namely protein kinase C-⌬ (32), raising the possibility that blocking negative regulatory pathways may be a common feature of Src family kinases. Normally, EGF promotes receptor phosphorylation, followed by recruitment of c-Cbl, receptor ubiquitylation, and sorting of EGFR to lysosomal degradation. In the presence of an active͞overexpressed c-Src, both phosphorylation and ubiquitylation of c-Cbl are enhanced, and the protein is subsequently degraded by the 26S proteasome. Because of Srcinduced elimination of c-Cbl, sorting of EGFR to lysosomal degradation is reduced, and the receptor is diverted to the recycling pathway. This regulatory loop may explain the association between Src activation and EGFR overexpression in tumor cells.
